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The threshold bond distances of electron transfer in the 
typical heteronuclear diatomic molecules, HF, LiH, and HeH+ 
have been studied in conjunction with the dipole moments by 
using ab initio molecular orbital method. The electron transfer 
begins at 3Å for HF, 6Å for LiH, and 4Å for HeH+, and the 
dipole moments have their maxima at 1.2Å for HF, 2.4Å for 
LiH,  and 0.8Å after the electrostatic correction for HeH+. 
 
The heteronuclear diatomic molecules with strongly 
ionic character play very important roles in chemistry.1 In our 
previous work, the orbital correlation diagrams of LiH and HF 
molecules on the basis of ab initio molecular orbital 
calculations were far from those in the typical textbook of 
chemistry.2,3 We also reported that the chemical bond of HeH+ 
is considered to be a coordination bond.4  
In HF and LiH, each atom is electrically neutral at the 
dissociation limit, but the two atoms in their equilibrium 
geometry are polarized depending on the difference of their 
electronegativity. It is difficult to experimentally study how 
the polarization occurs and how the polarization relates to the 
interaction region between two atoms. Therefore, it is very 
interesting to discuss these from the results of the theoretical 
calculations. 
In the present communication, using ab initio molecular 
orbital calculations we discuss the bond length of the 
heteronuclear diatomic molecule where the electron transfer 
starts. We select HF and LiH molecules as covalent bond type 
molecules with strong ionicity and HeH+ molecule as a 
coordination bond type molecule. The quantum chemistry of 
LiH and HeH+ is still a topic of current interest.5,6 
In the ab initio molecular orbital calculations, the widely 
used 6-311G** basis sets are adopted throughout this study.7,8  
We use the MCSCF wave functions in order to treat the 
dissociation limit correctly. We use CASSCF within the 
configuration of 2 electrons in 2 orbitals for LiH, full-CI for 
HeH+, and CASSCF within the configuration of 6 electrons in 
4 orbitals for HF. We abbreviate these calculations just as 
MCSCF/6-311G** in this study. We put both atoms on z-axis 
and the left-hand-side atoms of H-F, Li-H, and H-He are on 
the minus side of z-axis. We set the center of gravity of 
molecules at the origin. All the calculations are carried out 
using Gaussian09 program package.9 
Figure 1(a) shows the plot of the MCSCF/6-311G** 
total energy vs the internuclear distance in HF, LiH, and HeH+ 
molecules. The energy values are shown as the relative energy 
with respect to the energies at the internuclear distance of 10 
Å. The total energies become almost constant above the 
internuclear distance greater than 5 Å. The optimized 
internuclear distances are 0.915 Å for HF, 1.647 Å for LiH, 
and 0.789 Å for HeH+. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 (a) Plot of relative total energies in a.u. and (b) z-
component of dipole moment in debye versus internuclear 
distance in HF, LiH, and HeH+. 
 
Figure 1(b) also shows the plot of the z-axis component 
of the dipole moment (hereafter we simply refer it to “dipole 
moment”) in HF, LiH, and HeH+ molecules vs the 
internuclear distances. The calculated dipole moments of HF 
and LiH at their optimized geometries are 1.888 debye and 
5.724 debye, respectively, which reasonably agree with the 
experimental results, 1.796 debye10 and 5.881 debye.11  With 
decrease of the internuclear distance the dipole moment of HF 
starts to increase around 3 Å and reaches the maximum 
around 1.2 Å. The value of the dipole moment of LiH shows a 
change similar to that of HF, but increases from 6 Å and 
reaches the maximum at 2.4 Å because the optimized bond 
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length of LiH molecule is longer than that of HF molecule and 
the amount of these polarized charges induced by the electron 
transfer of LiH is larger than that of HF. The electron transfer 
does not occur in the region of long internuclear distances but 
occurs in the vicinity of the optimized internuclear distance in 
the case of HF and LiH molecules.  
Note that the optimized bond length does not coincide 
with the internuclear distance for the maximum dipole 
moment. With decreasing the internuclear distance, the 
electron once transfers from H and Li to F and H, respectively, 
with simple Coulomb interaction. Then the electron back 
transfer to H and Li occurs at the optimized bond lengths with 
the reorganization of the molecule. Note that the electron 
transfer is caused by sp coupling in HF, whereas by ss 
coupling in LiH. However, the expectation value for the radial 
function <r> is 1.5 a.u. for H, 3.874 a.u. for the 2s AO (atomic 
orbital) of Li, and 1.084 a.u. for 2p AO of F.12 The sum of <r> 
for HF is 2.584 a.u. and that for LiH is 5.374 a.u. The 
maximum of dipole moment of LiH occurs at 4.54 a.u. (2.4 Å) 
and that of HF at 2.27 a.u. (1.2 Å) as shown before, which 
reflects the difference of <r>. The overlap of the orbitals of 
HF is considered to be almost the same as that of LiH, and the 
difference in <r> between the 2pAO of F and the 2s AO of Li 
is, therefore, the reason for the large difference in the 
internuclear distance for the maximum dipole moment. 
 On the other hand in the case of HeH+, the dipole 
moment does not have the maximum and monotonically 
decreases along with decreasing the internuclear distance. The 
dipole moment of HeH+ is classically zero at the united atom, 
linearly increases with increasing the internuclear distance, 
and becomes infinity at the dissociation limit. Since such 
electrostatic change of the dipole moment, however, does not 
take the interatomic electron transfer into account, the 
correction for the electrostatic effect should be considered in 
order to reveal the electron transfer clearly.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Plot of z-component of dipole moment after 
electrostatic correction in debye versus internuclear distance 
in HeH+. 
 
When the distance between the proton and He atom is 
long enough, there is no interatomic electron transfer and the 
dipole moment linearly depends on the interatomic distance. 
From the dipole moments at the internuclear distances of 5 Å 
and 10 Å, the linear relationship is expressed as, 
 
rr 20484.30316.0)(' −=µ    (1) 
 
where r denotes the internuclear distance. We have estimated 
the corrected dipole moment as the difference of this 
)(' rµ and the calculated dipole moment )(rµ .  
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          Figure 2 shows the plot of this corrected dipole moment 
of HeH+. The corrected dipole moment clearly shows a 
behavior similar to those of HF and LiH molecules. The 
corrected dipole moment starts to increase from 4Å being 
about five times as long as the optimized bond length. 
Furthermore, the corrected dipole moment has the maximum 
at the vicinity of 0.8Å, which is almost the same as the 
optimized bond length. The result is totally different from the 
plot of the dipole moment in HF and LiH. This dissociation 
would be a feature of the coordination bond against the 
covalent bond. 
In conclusion, in the present communication, we have 
studied the threshold bond distances of electron transfer in the 
typical heteronuclear diatomic molecules, HF, LiH, and HeH+ 
in conjunction with the dipole moments by using ab initio 
molecular orbital method. In the cases of HF and LiH, the 
electron transfer begins at the bond length being three times 
(3Å for HF) and 3.7 times (6Å for LiH) as long as the 
optimized bond length, and the dipole moments have its 
maxima at the bond lengths being 1.3 times (HF, 1.2Å) and 
1.5 times (LiH, 2.4Å) as long as the optimized bond lengths. 
On the other hand, in the case of HeH+, the dipole moment 
decreases monotonically with decrease of the internuclear 
distance, and it is impossible to determine the bond length 
where the electron transfer begins. A result similar to those of 
HF and LiH is, however, obtained for HeH+ after the 
electrostatic correction on the dipole moment. The electron 
transfer begins at the bond length being five times as long as 
the optimized bond length (4Å), and the dipole moment has 
its maximum at its optimized bond length. 
Acknowledgments 
We are grateful to Professor Emeritus Tsuneo Hirano of 
Ochanomizu University and Professor Masanori Tachikawa 
and Dr. Takayuki Oyamada of Yokohama City University for 
their stimulating discussions and suggestions. 
References and Notes 
2  A. Sagan, U. Nagashima, H. Teramae, S. Nagaoka, J. Comput. 
Chem., Jpn, 2011, 10, 75.  
3 S. Nagaoka, H. Teramae, U. Nagashima, Chem. Lett. 2012, 41, 9. 
4 A. Sagan, S. Nagaoka, H. Teramae, U. Nagashima, J. Comput. 
Chem., Jpn, 2011, 10, 147. 
5 F. Holka, P. G. Szalay, J. Fremont, M. Rey, K. A. Peterson, V. G. 
Tyuterev, J. Chem. Phys. 2011, 134, 094306. 
6 K. Pachucki, Phys. Rev. A, 2012, 85, 042511. 
7 A. D. McLean and G. S. Chandler, J. Chem. Phys. 1980, 72, 5639. 
8 R. Krishnan, J. S. Binkley, R. Seeger, and J. A. Pople, J. Chem. 
Phys. 1980, 72, 650. 
1 P. Atkins, T. Overtone, J. Rourke, M. Weller, F. Armstrong, 
Shriver & Atkins’ Inorganic Chemistry, 5th ed., Oxford University 
Press, Oxford, 2010, Chaps. 2 and 4. 
 
3 
9 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. 
Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. 
A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. 
F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. 
Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, 
Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. 
E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. 
Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. 
Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. 
Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. 
Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. 
Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. 
Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, 
J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö. Farkas, J. B. 
Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian 09, 
Revision A.1,  Gaussian, Inc., Wallingford CT, 2009. 
10 F. H. de Luluw, A. Dymanus, J. Mol. Spectrosc., 48, 427 (1973). 
11 M. Cafiero, L. Adamowicz, Phys. Rev Lett., 88, .033002 (2002). 
 
 
12 C. Froese-Fischer, The Hartree-Fock Method for Atoms, Wiley, 
New York, 1977 
  
4 
 
NOTE   The diagram is acceptable in a colored form. Publication of the colored G.A. is free of charge. 
For publication, electronic data of the colored G.A. should be submitted. Preferred data format is EPS, PS, CDX, PPT, and TIFF.  
If the data of your G.A. is "bit-mapped image" data (not "vector data"), note that its print-resolution should be 300 dpi. 
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